Abstract: Magnetic graphene oxide nanocomposites (M-GO) were successfully synthesized by partial reduction co-precipitation method and used for removal of Sr(II) and Cs(I) ions from aqueous solutions. The structures and properties of the M-GO was investigated by X-ray diffraction, Fourier transformed infrared spectroscopy, X-ray photoelectron spectroscopy, transmission electron microscopy, scanning electron microscopy, vibrating sample magnetometer (VSM) and N 2 -BET measurements. It is found that M-GO has 2.103 mg/g and 142.070 mg/g adsorption capacities for Sr(II) and Cs(I) ions, respectively. The adsorption isotherm matches well with the Freundlich for Sr(II) and DubininRadushkevich model for Cs(I) and kinetic analysis suggests that the adsorption process is pseudo-second-ordered.
Introduction
Nuclear and Industrial Safety Agency (Japan) reported that the Fukushima Daiichi reactor meltdowns have thus far released 15,000 tera becquerels of radioactive cesium-137 into the environment [1] . Also, strontium was measured in plant samples in four others villages, with values ranging from 12 to 61 Bq/kg for Sr-89 and 1.8 to 5.9 Bq/kg for Sr-90 [2] . This accident caused a great environmental disaster for living metabolisms and plants.
Furthermore, diverse anthropogenic activities like nuclear research reactors, the production and use of radioisotopes and radiopharmaceuticals brings about the spread of radioactive wastes in the environment [3] .
Some radionuclides as cesium and strontium are biologically toxic and of great importance due to their long-lasting nature and high solubility in aqueous systems [4] . For this reason, it is a significant subject to find out efficient, economic method that can be used in the removal and recovery of cesium and strontium from contaminated environments. Different types of physicochemical methods as ion exchange, chemical precipitation, membrane separation and adsorption, etc. are used for removal and recovery of radionuclides. Considering many parameters, one of these techniques comes to the forefront. Adsorption is widely-used technique that is fast and effective approach in eliminating pollutants from aqueous solutions [5] .
The most critical point in the development of new adsorption methods is developed new adsorbent materials. Among the previously developed adsorbents, nano-material and especially nano-composites have been Furthermore, nano-engineered magnetic adsorbents
can be widely applied in contaminant removal due to the magnetism and high surface area. The magnetic particles can be quickly separated from the water after adsorption and this provides easily controlled process [8] .
In recent years, graphene oxide nanomaterials, which has a large theoretical surface area and high sorption capacity for the metallic cations, has with wide range of surface oxygen-containing functional groups such as hydroxyl, epoxy, and carboxyl [9, 10] . According to literature, graphene oxide has a notable affinity toward hard and semi-hard cations like uranium, thorium, lanthanides, and also strontium. These superior properties make graphene oxide proper for efficient adsorbent of cesium and strontium. Unfortunately, disadvantage of the graphene oxide is colloidal behavior of its dispersion, which makes separation of its reaction products with metallic cations quite unfairable [9] . Preparation of composite is one of the possible solutions to solve this problem. In this study, magnetic-nano composites were synthesized by using graphene and also magnetite, which is economic and readily available material; on the other side it is not selective. Integration of these two materials solved agglomeration problem and chemical instability in acidic media [11, 12] . Preparation of nano-composite material with graphene and magnetite, not only brings about the chemical resistance, but also increase adsorption capacity. In recent years, combining of magnetite and graphene into nanocomposites has become an important subject of research due to their new and/or enhanced functionalities that cannot be obtained by either component alone. So, this topic holds a great promise for a wide variety of applications in removal of contaminants from wastewater, surface enhanced Raman scattering, biomedical fields, catalysis, etc [13, 14] .
In despite of various studies, there is lack of efficient, low cost, secure, high capacity, modifiable, dopeable and reusable technique about cesium and strontium removal from aqueous solution. Based on that, magnetic-nano graphene composites were synthesized and characterized to investigate the removability of radiotoxic strontium and cesium ions from aqueous solutions.
Adsorption performance of prepared composite by batch experiment was studied by physicochemical parameters.
The adsorption isotherm parameters were estimated by linear regression analysis, thermodynamic and kinetic parameters have been also calculated to clarify the adsorption mechanism. The interaction mechanism of cesium and strontium on the magnetic nano-composites was discussed from the experimental results.
Experimental

Reagents and materials
The graphene oxide powder was purchased from the Sigma Aldrich. 
Instrumental and analytical conditions
The strontium and cesium concentration measure- 
Synthesis of M-GO
The M-GO nanocomposite was prepared by co-precipitation method, as reported in the literature [15] . 0.05 g graphene oxide powder was used during the synthesis of the nanocomposite.
Batch adsorption experiments
All sorption experiments were performed by the batch technique using 0.01 g of the sorbent suspended in 10 mL of strontium/cesium solution in a polyethylene (PE) flask at selected pH (2-9) and pH (2-12) for 
where C i and C e are the initial and final metal ions concentration, respectively.
Kinetic studies
Kinetic studies were carried out in a thermostated shaker with polyethylene tubes at room temperature. In 
Results and Discussion
Characterization
The micro-structure of the Fe 3 O 4 -GO (M-GO) was characterized by XRD (Fig. 1) . [16, 17] . The small peak at 2θ = 26.5° corresponds to well-ordered graphene layers of GO skeleton and indicates that this way the formation of the magnetic composite as reported by other groups [18] . Generally we can conclude from the XRD pattern, the nanocomposite contains mostly Fe 3 O 4 and it was synthesized with GO. and Fe2p, respectively [19, 20] . In the figure spectrum, the peaks of Fe2p3/2 and Fe2p1/2 were located at about 711.12 and 724.79eV confirm that Fe 3 O 4 was fairly synthesized on the GO. and 799 cm -1 in M-GO spectrum that related to symmetric stretching, asymmetric stretching, and deformation vibrations, respectively [18] . indicates the carboxylate groups of GO coordination with the iron cations [21] .
The magnetic properties of the to existence of GO and impurities on the surface of the magnetite nanoparticles [22] . However, M-GO still could be separated rapidly under the external magnet. 9 m 2 /g, respectively [23, 24] . The results obtained in this study are consistent with the literature.
Adsorption studies pH effect
The pH value of solutions is a determining factor of the removal efficiency because it affects surface charge of the sorbent, and also the degree of ionization and speciation of the metal in solution. The effect of pH on Sr
2+
and Cs + adsorption is shown in Fig. 7(a-b) . As can be seen, the strontium and cesium removal on M-GO adsorbent are affected by the pH change of the solution.
The maximum strontium and cesium uptake were found 40% at pH 4 and 17.92 mg Sr(II)/g and 59.5% at pH 10 and 148.77 mg Cs(I)/g as adsorbent, respectively. For this reason, pH 4 and pH 10 were used in subsequent experiments for Sr(II) and Cs(I), respectively. In addition, M-GO depicted higher adsorption capacity for Cs + than for Sr 2+ under the same experimental conditions. This can be attributed to the smaller hydrated ionic radius of Cs + [25] .
Concentration effect
The Sr(II) and Cs(I) ions adsorption capacities of the M-GO were given as a function of the initial concen- 
Adsorption equilibrium and isotherm models
The adsorption process is a mass transfer operation that can be described mathematically by equilibrium and a rate process. The equilibrium is established between the concentration of the metal ions dissolved in aqueous phase and that bound to the adsorbent. The data obtained from experimental results is fundamental and requirements for the design of adsorption systems. This data are used to develop equations and also to calculate isotherm parameters. By this way, the data, provide some insight into both the sorption mechanism and the surface properties and affinity of the sorbent, can be used to compare different adsorbents under different operational conditions and to design and optimize an operating procedure [26] [27] [28] . In order to analyze the equilibrium data of the adsorption system, experimental data were fitted to The Langmuir isotherm, probably the most widely used model, assumes monolayer coverage of adsorbate over a homogeneous adsorbent surface [29] . The linear forms of the this model are expressed by the following equations;
where q e is the amount of cesium and strontium ions of Freundlich model can be represented as follows [30] :
where K F represents the adsorption capacity (mg/g), n F is a constant related to adsorption intensity (dimensionless). The data obtaind are well described by the Freundlich isotherm equation when plotted as logq e versus logC e (Fig. 10 ).
Dubinin-Radushkevich is the other model that used extensively to determine the type of adsorption for the removal of strontium and cesium [31] . This model was used to calculate the apparent free energy of adsorption,
proposed an equation to find out the adsorption mechanism on the basis of the potential theory assuming a porous structure of the sorbent and heterogeneous surface.
The linearized equation form of the D-R isotherm is
given as:
where C ads (mmol/g ) is the amount of solute adsorbed per unit weight of solid, X m (mmol/g or mg/g) is the adsorption capacity, β (mol/K) 2 is a constant related to energy and ε is the Polanyi potential. Polanyi potential can be computed by the following equation:
where R is a gas constant in kJ/mol and T is the temperature in Kelvin. If lnC ads is plotted against ε 2 , β and X m can be obtained from the slope and intercept, respectively (Fig. 11) . The adsorption mean energy (E), the free energy change when one mol of ion is transferred to the surface of the solid from infinity in the solution, is assumed by the following equation using the constant β;
The Temkin isotherm model contains a factor that obviously assuming adsorbent-adsorbate interactions.
This model takes into account that heat of adsorption of all molecules in the layer would decrease linearly rather than logarithmic with coverage by neglecting the extremely low and large value of concentrations [32] . The
Temkin isotherm has generally been applied as follow: Brunauer-Emmett-Teller (BET) isotherm model, related to the liquid-solid interface, is a theoretical equation, most widely applied in the gas-solid equilibrium systems [35] . This equation is presented as:
where C BET , C s , q s and q e are the BET adsorption isotherm constant relating to the energy of interaction with the surface (L/mg), adsorbate monolayer saturation concentration (mg/L), theoretical isotherm saturation capacity (mg/g) and equilibrium adsorption capacity (mg/g), respectively [36] . Linearized equation of the model is as follows:
The curve was plotted between Ce/q e (Cs-C e ) and C e /C s , and values of both constants q s and C BET were calculated from the intercept and slope. BET isotherm parameter for linear regression analyses and error functions are given in Table 1 .
The high determination coefficients for linear models show applicability of the model for metals adsorption using the present adsorbent. According to the correlation coefficients, the adsorption of strontium could be well Table   1 ). The 1/n F value between 0 and 1 indicates that the adsorption is favorable under the experimental conditions.
As seen Table 1 , cesium adsorption on magnetic graphene composite was found high enough for separation.
Moreover, the value of 1/n F is known as heterogeneity factor and ranges between 0 and 1; the more heterogeneous the surface, the closer 1/n F value is to 0. The numerical value of 1/n F (<1) indicates that adsorption capacity is only slightly suppressed at lower equilibrium concentration and the isotherm does not present any saturation of the solid surface of the sorbent by the sorbate [36] .
One of the unique features of the DubininRadushkevich isotherm model lies on the fact that it is temperature-dependent, which when adsorption data at different temperatures are plotted as a function of logarithm of amount adsorbed vs the square of potential energy, all suitable data will lie on the same curve, named as the characteristic curve [36] . The calculated E value is used to estimate the reaction mechanism of adsorption process. If value of E is smaller than 8 kJ/mol, it indicates a physical adsorption. If value of E is higher than 8 kJ/mol, the adsorption process is of a chemical nature.
The E values obtained were 0.016 kJ/mol and 0.129
kJ/mol for strontium and cesium, respectively. Therefore, the magnitudes of E values are in the energy range of physical adsorption for strontium and cesium [7, 8] . Figure 10 . Linear isotherm models of Freundlich for strontium adsorption on magnetic graphene oxide composite Table 1 . Isotherm constants of models for strontium and cesium adsorption onto M-GO
Kinetic parameters of adsorption
A study on the kinetics of adsorption is carrying out to obtain information about the adsorption mechanism, which is important for the efficiency of the process [37] . Therefore, two well-known kinetic equations were adopted to model the experimental data and identify the adsorption mechanism.
In order to analyse the sorption of Sr(II)/Cs(I) onto M-GO, the pseudo first equation and pseudo second order equation was employed [38] [39] [40] :
where q e is the amount of metal ion adsorbed onto adsorbent at equilibrium (mg/g), q t is the amount of metal ion adsorbed at various times, t (min) is the time of adsorption duration and k 1 is the first order rate constant (min -1 ), k 2 (g /mol min) is the second-order rate constant.
The experiments were conducted at different concentrations 50, 100, 150 ppm for Sr(II) and 200, 250, 300 ppm for Cs(I). From the slope of each linear trace, the rate constants were calculated and the results are presented in the Table 2 and Table 3 . Both facts suggest that the adsorption of Sr(II) and Cs(I) onto M-GO follows the pseudo-second-order kinetic model. Therefore, the rate-limiting step may be chemical sorption or chemisorption through sharing or exchange of electrons between sorbent and adsorbate [5] . Figure 12 . Pseudo-second-order plot for the adsorption of Sr(II) by M-GO ing the physical property of the adsorption process [41] . 
Besides, the enthalpy variation ΔH
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